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Saturation, the Color Glass Condensate and Glasma: 

What have we learned from RHIC? 



Nuclear effects in particle single inclusive particle production in RHIC d+Au collisions 
show two different regimes

⇒ Central rapidities: Moderate Cronin enhancement for pt>2 GeV

                                Moderate suppression for pt<2 GeV

RdAu =
1

Ncoll

dNdAu
dyd2pt

dNpp

dyd2pt

⇒ Forward rapidities. Disappearance of Cronin peak and homogeneous suppression ∀ pt

BRAHMS, PRL93, 
242303
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Particle production in p+p collisions:  Collinear factorization

+O(1/Q2), Q ∼ kt

dσAB→hX

dyd2kt
∝ fa/A(x1, k

2
t ) fb/B(x2, k

2
t )⊗ dσab→cd

dyd2kt
⊗Dh/c(z)

⇒ Multiple (elastic and inelastic) scattering:
             Higher twists
             Momentum broadening
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Particle production in p+p collisions:  Collinear factorization

+O(1/Q2), Q ∼ kt

⇒ Coherence effects:
              Destructive interference, “Shadowing”

Color Glass Condensate description

dσAB→hX

dyd2kt
∝ fa/A(x1, k

2
t ) fb/B(x2, k

2
t )⊗ dσab→cd

dyd2kt
⊗Dh/c(z)

⇒ Multiple (elastic and inelastic) scattering:
                      Higher twists

Momentum broadening

Lcoherence

Lcoh ∼
1

2mNx2
! RA



x ∼ 0.005÷ 0.1phad
t ∼ 0.5÷ 10 GeV

Intermediate values of x in projectile and target

x1(2) ∼
mt√

s
exp(± yh)

xg /20 xu

xdxS

x

(approximate) RHIC  Kinematics:

η = 0

η = 3.2 Small-x gluons (nucleus) and valence quarks (deuteron) dominate

phad
t ∼ 0.5÷ 3.5 GeV

x2 ∼ 2 · 10−4 ÷ 5 · 10−3

x1 ∼ 0.1÷ 0.9

⇒

⇒



dσAB→hX

dyd2kt
∝ fa/A(x1, k

2
t ) fb/B(x2, k

2
t )⊗ dσab→cd

dyd2kt
⊗Dh/c(z)

fa/Au(x, Q2) = fa/p(x, Q2) Ra/Au(x, Q2)

⇒ nPDF’s: All nuclear effects included in modification of collinear pdf’s (EKS08, EPS09, HKN)

Brief survey of approaches to particle production in d+Au collisions:

⇒ Glauber-Eikonal multiple independent scatterings + unintegrated pdf’s: 

fa/A(x, Q2)→ Fa/A(x, Q2,<k2
T >)

⇒ CGC: Full Coherence limit. Nucleus described as a saturated small-x glue ensemble

→ Fa/A(x, Q2,<k2
T >+ ∆k2

T (
√

s, b, pt))

dσiA

dyd2kt
(b) ∼

∞∑

n=1

1
n!

∫
[d2k]

dσiN

d2k1
TA(b) . . .

dσiN

d2kn
TA(b) exp [−σin(p0)TA(b)] δ2(

∑
#ki − #kt)

intrinsic kt momentum broadening↑

⇒ collinear  
     factorization

kt factorization for small-x gluon production + valence quark production

Semiclassical MV multiple scatterings + quantum corrections

dNAB→gX

dy d2pt
=

SA CF

π

αs

p2
t

∫
d2q ϕA(xA, q) ϕB(xB , pt − q)



Kharzeev-Kovchegov-Tuchin
BRAHMS data

Accardi-Gyulassy

Eskola-Paukkunen-Salgado

nPDF’s
CGC

G-E
• Comparable description of data from different 
approaches

• Both CGC and GE calculation invoke some 
intrinsic “non-perturbative” transverse scale 
~ 1 GeV

• nPDF’s studies do not access the pt<2 Gev 
region (suppression)



⇒ Forward spectra. Qualitative expectations

⇒ CGC-based calculations correctly predicted forward hadron suppression: (2003) 
JLA-Armesto-Kovner-Salgado-Wiedemann; Kovchegov-Kharzeev-Tuchin.
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Non-Linear Evolution of Cronin Enhancement
2=2 GeV2

SAuQ
2=0.1 GeV2

SdQ

sαrunning 
=0.5sαfixed 

tp (GeV/c)

dA
u

R

Y=0

Y=1

Y=3

Albacete, Armesto, Kovner, Salgado, Wiedemann,
hep-ph/0307179, PRL to appear.

Braun, PLB576 (2003) 115.
Semiclassical MV model always yield a Cronin-
peak (i.e, MV has unitarity but no shadowing)  

Forward suppression originates in the 
dynamical shadowing generated by the 

quantum non-linear BK-JIMWLK evolution 
equations 

∂ϕ(x)
∂ ln(x0/x)

≈ K̃ ⊗ ϕ− ϕ2



⇒ Forward spectra. Qualitative expectations

⇒ Energy conservation. Kopeliovich et al; Frankfurt-Strickman.
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Forward production implies large-xF 

xF → 1

Interaction with the target induces gluon bremstahlung and 
energy loss, which is stronger in nuclei than in proton.

Probability of not losing energy: 

Effective parton distributions depend on the target: breakdown of factorization.

P (∆y) ≈ e−nG(∆y) ≈ (1− xF )#

x1 → 1

x2 → 0

Eikonal propagation implicit in the CGC neglects 
recoil in the parton propagation through target 

Small if forward rapidity

#nucleus > #proton



CGC evolution at NLO

✓ NLO corrections to BK-JIMWLK equations have been calculated recently. Balitsky-Chirilli; 
Kovchegov-Weigert, Gardi et al. 

✓ Phenomenological tool: The BK equation including only running coupling corrections in 
Balitsky’s scheme grasps most of the NLO corrections  (JLA-Kovchegov)

Krun(r, r1, r2) =
Nc αs(r2)

2π2

[
r2

r2
1 r2

2

+
1
r2
1

(
αs(r2

1)
αs(r2

2)
− 1

)
+

1
r2
2

(
αs(r2

2)
αs(r2

1)
− 1

)]

∂N (r, x)
∂ ln(x0/x)

=
∫

d2r1 K(r, r1, r2) [N (r1, x) +N (r2, x)−N (r, x)−N (r1, x)N (r2, x)]BK eqn:

Running coupling kernel:

λ(Y ) =
d lnQs(Y )

dY
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values compatible with data

λLO ≈ 4.8 αs

NLO corrections are large:

ln
1
x
∼ ln s ∼ Y

Dilute Dense 



⇒ Forward hadron production in the CGC

ÑF (A)(x, k) =
∫

d2r e−ik·r [
1−NF (A)(r, Y =ln(x0/x))

]

large-x parton from proj. (pdf) small-x glue from target (CGC)

(Dumitru, Jalilian-Marian)

dNh

dyh d2pt
=

K

(2π)2
∑

q

∫ 1

xF

dz

z2

[
x1fq / p(x1, p

2
t ) ÑF

(
x2,

pt

z

)
Dh / q(z, p2

t )

+ x1fg / p(x1, p
2
t ) ÑA

(
x2,

pt

z

)
Dh / g(z, p2

t )
]

fragmentation
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N (r, x = x0) = 1− exp
[
−r2 Q2

0

4
ln

(
1

r Λ
+ e

)]
MV Initial conditions:

Unintegrated gluon from running 
coupling BK

Alternative approaches: Modelization of quantum corrections
(Dumitru-JalilianMarian-Hayashigaki; De Boer-Utermann-Wessels;  Goncalves et al;  

Kharzeev-Kovchegov-Tuchin)

Two free parameters: (x0, Q0)

We use CTEQ6 pdf’s and de Florian-Sassot ff ’s

JLA & C. Marquet 10
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STAR
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proton-proton

0.005 ≤ x0 ≤ 0.01 Q2
s0 = 0.2 GeV2

- Very good description of forward yields in proton+proton collisions.  (NLO 
analysis in EPS09 fails to describe data)

- K=1 for h-. K=0.4 for neutral pions (?)
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- Very good description of forward yields in d+Au collisions

- K=1 for h-. K=0.4 for neutral pions (?)
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=2.2; K=1!(x20); 
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STAR
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d-Au

0.01 ≤ x0 ≤ 0.025

0.005 ≤ x0 ≤ 0.01 Q2
s0, gluon = 1.125 GeV2

Q2
s0 = 0.4 GeV2

Q2
s0 = 0.5 GeV2

Q2
s0 gluon = 0.9 GeV2
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 Fit parameters consistent with NLO-CGC analyses of other observables:

Multiplicities in RHIC Au+Au F2, FL and FD in e+p HERA collisions
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Two-particle correlations in forward d+Au at RHIC (Cyrille Marquet’s talk)

compatible with e+A data. K. Dusling et al

JLA
JLA-Armesto-Milhano-Salgado
Goncalves et al.

dNch

dη
≈ 1290÷ 1480
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- ...by simply taking the ratio of d+Au and p+p spectra we get a good description of the nuclear 
modification factor (not a trivial statement!!)
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CGC Energy conservation

Kopeliovich et at

nPDF’s Eskola-Paukkunen-Salgado 

⇒
• nPDF’s description of forward suppression 
involves a huge nuclear shadowing at small-x

• Forward RHIC data not included in most 
recent NLO parametrizations (EPS09)
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• So, is RHIC forward suppression a small-x2 (CGC) or a large-xF (energy conservation) effect??

• p-Pb collisions at the LHC probe both the target and the projectile at small-x
  
• CGC calculations agree to predict a sizable suppression (~0.5) at y=0 in pPb at the LHC
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Fig by C. Salgado

JLA & C. Marquet 10CGC
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• So, is RHIC forward suppression a small-x2 (CGC) or a large-xF (energy conservation) effect??

• p-Pb collisions at the LHC probe both the target and the projectile at small-x

JLA & C. Marquet 10

Kopeliovich et al“Energy-loss” CGC

• Energy-loss is not expected to be relevant in that kinematic region

• CGC calculations agree to predict a sizable suppression (~0.5) at y=0 in pPb at the LHC
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Small-x effects would also lead to strong suppression of initial gluon production in Pb+Pb 
collisions @ LHC: 

Pb+Pb @ LHC

“Naked” n.m.f.



Summary
• RHIC data for inclusive hadron production in d+Au and p+p collisions probe moderate to 
small values of x in the target wave function. Onset of CGC description is expected

• Mid-rapidity data does not allow to discriminate between different approaches (CGC, Glauber-
  Eikonal, npdf’s...)

• Very good description of forward data in p+p and d+Au collisions based on CGC @ NLO.

• Energy-momentum conservation corrections (missing in the CGC description) have been 
  argued to lead to a comparable suppression of forward yields as the one stemming from CGC 
  analyses

• The study of more exclusive observables is needed

• The p+Pb program at the LHC may shed light on the problem 



Back up slides



Eskola-Paukkunen-Salgado (EPS08)


